[1] Interactions between aerosols and clouds are the subject of considerable scientific research, due to the importance of clouds in controlling climate. Here we consider the relationship between mineral aerosols and cloud properties over North Africa and the North Atlantic using monthly mean observations of mineral aerosols and clouds over 16 years. The results of this study are consistent with mineral aerosols suppressing precipitation in thin low altitude clouds and changing cloud amounts in ice phase clouds. Because we cannot eliminate either spurious correlations, or that the cloud and dust changes are both driven by the same meteorological conditions, we cannot provide definitive conclusions. However, these results suggest complicated and tantalizing feedbacks between mineral aerosols and climate. This question becomes crucial as we note that mineral aerosols from North Africa have increased substantially since the 1960s for reasons which are poorly understood but that may be linked to human activity.
Introduction
[2] Cloud interactions with aerosols are hypothesized to be critical to understanding climate change since clouds play such a pivotal role in controlling incoming and outgoing radiation [e.g., Houghton et al., 2001] . Previous studies have suggested from in situ and event-based studies that mineral aerosols interact with liquid clouds by suppressing precipitation [e.g., Levin and Ganor, 1996; Rosenfeld and Nirel, 1996; Rosenfeld et al., 2001] . In addition, there is some evidence that mineral aerosols can act as effective ice formation nuclei [e.g., Chen et al., 1998; Pruppacher and Klett, 1997; Rosenfeld et al., 2001; Sassen, 2002; Zuberi et al., 2002] . In this study, we consider whether existing large-scale, long term datasets are consistent with the hypothesis that mineral aerosols interact with both liquid water and ice clouds.
Methodology
[3] For our cloud statistics we use the monthly mean cloud amount (fraction of sky covered by clouds) data from the International Satellite Cloud Climatology Project (ISCCP) D2 dataset from 1984 to 1999 Schiffer, 1991, 1999] . Uncertainties in this dataset come from the misidentification of clouds and inaccurate retrieval algorithms and are thought to be <10% [Rossow and Schiffer, 1991] . Observational data suggests that the ISCCP D2 dataset does not clearly identify thin cirrus clouds, particularly in the morning hours, perhaps because of the presence of low-level clouds beneath the cirrus clouds [e.g., Stubenrauch et al., 1999] . ISCCP data separates clouds by height of the top of the cloud and optical depth into low, medium and high clouds, as well as thin, medium and thick clouds and liquid water or ice clouds. Definitions of thin, medium and thick depend on the retrieved optical thickness of the cloud, while high clouds include all clouds which extend above 440mb, whatever level they entrain at Schiffer, 1991, 1999] .
[4] Figure 1 shows the annual mean absorbing aerosol index (AI) retrieved from the TOMS (Total Ozone Mapping Spectrometer) instrument [Torres et al., 1998 ]. The large aerosol plume located over North Africa is mostly due to desert dust, although biomass burning aerosols increase in relative importance closer to the equator [e.g., Tegen et al., 1997] . We use two methods to estimate dusty versus nondusty months. The first method uses the Barbados in situ surface concentration dataset for the same years [Prospero and Nees, 1986; D. Savoie, personal communication, 2001] and in the second method we used an area average of TOMS AI. While the Barbados surface concentration dataset represents mineral aerosols at a point at the western edge of the tropical North Atlantic, model studies (see Mahowald et al. [2003] for more details) suggest that the monthly mean mineral aerosol anomalies at Barbados are correlated at a moderate to high level (0.4 -0.9) with column amount over a wide region extending from North Africa to the eastern Pacific (Figure 2a ). To complement the in situ dataset, we use TOMS absorbing aerosol index for the period 1984 to 1992 since that is when the dataset is most robust [Torres et al., 1998; O. Torres, personal communication, 2001 ] (see Cakmur et al. [2001] for a comparison of TOMS AI and AVHRR optical depths for this region). We derive a regional dust index from the TOMS AI by averaging over the region 40W to 20W and 10 to 30 N. This region is chosen because of the large amounts of desert dust and relatively lower amount of cloud interference and biomass burning aerosols than closer to the equator [Cakmur et al., 2001] . The correlation between the monthly averages in dust at Barbados and in TOMS AI in this region is 0.78 with the seasonal cycle and 0.58 with the seasonal cycle removed, indicating a general consistency in defining anomalous dusty periods in the North Atlantic. Model estimates of correlations between the dust index derived from TOMS AI and column desert dust suggest that the dust index is also representative of a large region of desert dust (Figure 2b ). The Barbados dataset has the advantage that data is available daily and represents mineral aerosol unambiguously, although it represents small spatial extent. The satellite data covers a larger spatial domain, but includes the impacts of all aerosols as well as interference from clouds and aerosol height. We will show results from the Barbados in situ surface concentration dataset, but the results do not change qualitatively if we showed the results using the regionally averaged TOMS AI instead.
[5] Because both the cloud datasets and the dust loadings contain large seasonal cycles, we remove the climatological monthly mean and consider only the monthly deviation from the mean seasonal cycle, which we call the monthly anomaly (monthly mean -climatological monthly mean), for the correlation analysis. In the correlation analysis, we conduct simple point by point correlations between the time series in cloud amount and 'dustiness' using monthly averaged anomalies.
Results
[6] Results of the correlation between the anomalous monthly surface concentrations at Barbados and the anomalous monthly total cloud amount from ISCCP are shown in Figure 3a . Notice that there appears to be a small region of positive correlations between dust and cloud amount centered at 17N at the west coast of North Africa, and negative correlations between À10 and 10 N across North Africa and the Atlantic. Further analysis by cloud type suggests that the positive anomaly in cloud amount is due to a low to moderate correlation (0.2 -0.5) with thin low clouds (Figure 3b ), while the negative correlation in cloud amount is due to high ice clouds (cirrus and cirrostratus are shown, with a correlation of 0.2-0.3; deep convective clouds show similar but weaker relationships) (Figures 3c and 3d) . Notice that in the western edge of the tropical North Atlantic there is a weak dipole structure (a positive and negative adjacent to each other) seen in correlations with cloud amount, especially seen in total cloud amount and high ice clouds (although the negative anomaly is below statistical significance and does not appear clearly in Figures 3c and 3d ). This result is consistent with a shift in clouds towards the south during high dust months, perhaps with some increase in cloud amount. It is unclear what may cause this shift in clouds, but is weakly seen in both Barbados and TOMS correlations.
[7] The positive correlation between cloud amount and mineral aerosols at the coast of North Africa in the low altitude liquid water clouds is consistent with the hypothesis that dust acts as a CCN and is acting to suppress precipitation in thin clouds. Because there are already sufficient CCN in the atmosphere, increasing the number of CCN, as occurs during desert dust outbreaks, will decrease the size of each individual cloud droplet, decreasing the chance of precipitation, thereby increasing the length of time a cloud persists and increasing the observed cloud amount. Note that these correlations are unfortunately also consistent with the misidentification of desert dust events as low altitude thin clouds. In addition, dust as represented by Barbados surface concentrations or TOMS AI may underestimate low level dust close to North Africa, and lead to errors in our correlations. As shown in Figure 4a , the region centered around 17N just off the west coast of North Africa has substantial amounts of low liquid clouds, and thus this is the area where we would expect to see the largest signal if mineral aerosols and water clouds were interacting.
[8] The negative correlation in cloud amount between 10S-10 N across North Africa and the Atlantic is seen in the high clouds (thin cirrus, cirrostratus and deep convective) and occurs in a region of relatively large ice cloud amount (Figure 4b shows cirrus, with similar results for cirrostratus and deep convective clouds) just south of the main desert dust plume. Notice that ideally we would like to use a different record of dustiness for comparison with the region of negative correlation, since the model estimates that both the Barbados in situ record and the TOMS derived dust index are only low to moderately correlated with column dust in this region (Figures 2a and 2b) . Unfortunately, no long-term mineral aerosol in situ data exists in this region, and robust satellite retrievals of aerosols are not possible under clouds, thereby reducing our ability to make firm conclusions regarding ice cloud and mineral aerosol interactions. While optical depths are available close to this region, they are available only for a few years and are likely to be dominated by other types of aerosols [Holben et al., 1998 ]. In addition, there are positive anomalies in the Western North Atlantic between desert dust and ice phase clouds. These appear to be associated with a negative anomaly (not statistically significant in these plots, but seen in Figure 3a) suggesting that there is a shift in the location of ice phase clouds, although there may be a net increase in ice phase clouds.
[9] Ice cloud formation is complicated and may result from either condensation of water vapor directly or by the freezing of liquid cloud droplets. Clay or silicate particles, contained in mineral aerosols, are effective ice nuclei [e.g., Chen et al., 1998; Pruppacher and Klett, 1997] . The net effect of the addition of effective ice nuclei on cloud amount is not well understood.
Summary
[10] This is the first time that large time and spatial scale correlations between mineral aerosols and cloud properties have been presented. Positive correlations of up to 0.4 between anomalously high dust months and thin low clouds are consistent with mineral aerosols acting as cloud condensation nuclei off the west coast of North Africa during dust events, and suppressing precipitation (similar to Rosenfeld et al. [2001] ). There are also low negative correlations (À0.2 to À0.3) between high ice clouds (cirrus, stratocirrus and deep convective) and high dust months close to equator in North Africa and the Atlantic. Additionally there are positive anomalies (0.2 to 0.3) in the western equatorial North Atlantic, perhaps associated with more northerly negative anomalies indicating a shift in ice-phase clouds. If mineral aerosols are acting as both cloud condensation nuclei and ice formation nuclei, this suggests very complicated relationships such as those seen here between mineral aerosols and ice phase clouds that should be researched further. Because cloud formation is dominated by largescale processes, we do not expect higher correlations with mineral aerosols if they are acting as cloud condensation nuclei or ice formation nuclei. Due to the nature of correlations and the datasets used for this study, we cannot make firm conclusions. It is possible that the results here represent spurious correlations, or that the cloud property and dust correlations seen here are both caused by the same meteorological conditions (or by other aerosols such as from biomass burning) but are not causally linked. It is encouraging that the results are seen when we include all months of the year in the analysis, indicating less sensitivity to the large scale changes in meteorology which occur during different seasons. [Torres et al., 1998] , showing the maximum plume over North Africa and the North Atlantic. Note that south of 15N contributions from biomass burning aerosols may be significant. [11] While the large-scale, long-term results presented here can only be tentative in their conclusions, in combination with available process based studies [e.g., Levin and Ganor, 1996; Rosenfeld and Nirel, 1996; Chen et al., 1998; Pruppacher and Klett, 1997; Rosenfeld et al., 2001; Sassen, 2002; Zuberi et al., 2002] , they suggest that interactions between mineral aerosols and clouds may be climatically significant and should be further studied. The suppression of precipitation in low clouds close to the source areas also suggests that mineral aerosols may play a role in intensifying droughts such as observed over the Sahel since the 1960s [Rosenfeld et al., 2001] . Potential feedbacks between mineral aerosols and clouds are especially important in the context of the observed 2 -4-fold increase in mineral aerosols in the North Atlantic since the 1960s, which occurred for reasons which are poorly understood but may be related to human activities [Prospero and Nees, 1986; Tegen et al., 1996; Mahowald et al., 2002a] .
